Family Membership
=================

Members of the mitochondrial solute carrier 25 (SLC25) family of proteins function as transporters of a large variety of molecules, including ATP, ADP, amino acids (e.g., glutamate, aspartate, lysine, histidine, arginine, ornithine, and citrulline), malate, and calcium ([@b52]; [@b3]). All of the SLC25s (in total over 40 members) are localized at the inner mitochondrial membrane with the exception of SLC25A17 ([@b53]) and 14 of the SLC25 members are located in the central nervous system (CNS). Within this SLC25 family exists a subfamily of five proteins (so-called uncoupling proteins \[UCPs\]), which transport protons directly from the intermembrane space to the matrix---SLC25A7 (UCP1), SLC25A48 (UCP2), SLC25A9 (UCP3), SLC25A27 (UCP4), and SLC25A14 (UCP5) ([@b34]). This short review concentrates on two UCPs that are expressed principally in the CNS: UCP4 and UCP5.

General Properties of UCPs
==========================

Much of our understanding of the structure and functions of UCPs stems from work on UCP1 to 3. UCP4 and 5 have the characteristic structure of the other UCPs. Their single amino acid chain can be viewed as configured into three cassettes, each with two membrane-spanning alpha helices. Both the amino and carboxy terminals are positioned in the intermembrane space, but the mechanism of transport of protons is still not fully resolved ([@b31]). In addition to transporting protons, these UCPs have a purine nucleotide binding site located projecting into the intermembrane space. The purine nucleotides ATP, ADP, GTP, and GDP are inhibitors of uncoupling activity ([@b37]; [@b29]; [@b78]), whereas superoxide is an activator ([@b11]).

The Importance of Uncoupling
============================

Neurons derive their energy in the form of ATP from the oxidation of glucose. Initially glucose is oxidized to pyruvate in the cytosol through glycolysis. The pyruvate is transported into the mitochondrial matrix where it is converted to acetyl co-enzyme A (ACoA) by pyruvate dehydrogenase. AcoA enters the citric acid cycle, in which the acetyl group is oxidized to carbon dioxide. In the citric acid cycle, NAD^+^ is reduced to NADH and FAD is reduced to FADH~2~. NADH and FADH~2~ are the substrates for oxidative phosphorylation ([Fig. 1](#fig01){ref-type="fig"}). Oxidative phosphorylation is carried out by five multiprotein complexes. Complexes I--IV form an electron transport chain (ETC) where electrons are donated to oxygen at Complex IV. Protons are pumped from the matrix to the intermembrane space by Complex I, III, and IV. This movement of protons to the intermembrane space generates an electrochemical gradient or proton motive force that is used by Complex V to drive the conversion of ADP to ATP. Three protons passing back from the intermembrane space to the matrix are necessary to convert one molecule of ADP to ATP ([@b46], [@b47]). Not all electrons entering the ETC are passed to Complex IV. Some electrons escape to oxygen at Complexes I and III, giving rise to the formation of harmful reactive oxygen species (ROS) ([@b65], [@b66], [@b67]; [@b39]). ROS formation is particularly high when Complex I is inhibited ([@b75]). Although cells have evolved ways of dealing with ROS once formed a means of preventing or minimizing ROS formation is energetically advantageous. Thus, a leak of protons back to the matrix, bypassing Complex V, results in a major reduction in ROS formation while having a minimal effect on ATP synthesis. A slight decrease in the potential difference across inner mitochondrial membrane has been shown to inhibit H~2~O~2~ formation by 70% ([@b22]; [@b75]; [@b10]) ([Fig. 1](#fig01){ref-type="fig"}).

![Oxidative phosphorylation in mitochondrial electron transport chain (ETC), and proton leak via uncoupling proteins (UCPs). UCP dissipates mitochondrial membrane potential by facilitating proton leak across the inner membrane, thereby minimizing superoxide (O~2~^•−^) formation from undesirable interaction between molecular oxygen (O~2~) and high-energy electrons (e^−^).](brb30002-0468-f1){#fig01}

Therefore, it is not surprising that primitive life forms evolved a protein that could bring about such a regulated leak, thereby uncoupling the electron transport and proton export aspects of the oxidative phosphorylation process from ATP synthesis. However, the ability of a protein to undertake uncoupling does not rule out the possibility that other tasks could be performed also, such as regulation of intracellular calcium or synaptic function ([@b32]; [@b2]).

UCPs 4 and 5
------------

Human UCP4 was first identified as a novel member of the human UCP family ([@b44]). The gene encoding the protein is located on chromosome 6p11.2-q12. It gives rise to a single transcript, which is translated into a protein of 323 amino acids---approximately 34 kDa ([@b44]). The gene encoding UCP5 is on Xq24. UCP5 was first described and named as brain mitochondrial carrier protein-1 (BMCP1) ([@b61]). Three isoforms of human UCP5 have been identified; long form containing 325 amino acids (UCP5L), short form containing 322 amino acids with the deletion of Val-Ser-Gly (VSG) at position 23--25 (UCP5S), and short insert form containing 353 amino acids with VSG deleted but insertion of 31 amino acids between transmembrane domains III and IV (UCP5SI) ([@b38]; [@b84]; [@b35]; [@b42]; [@b53]; [@b10]). Although UCPs 4 and 5 are principally expressed in the CNS, they are expressed in other tissues to some extent, for example, UCP5 short form with insert is found in human skeletal muscle ([@b79]).

In an attempt to define the structural characteristics that are unique to UCPs, the primary structures of 19 mitochondrial proteins were compared in 10 plant and animal species, which have proton-pumping capability ([@b33]). Common amino acid sequences were identified in the first, second, and fourth transmembrane helices, the matrix segment between the second and third helices, and the purine nucleotide binding site that possess high homology. These sequences they termed "UCP signatures." Further analysis of these UCP signatures led a proposal describing the evolution of the five human UCPs from a common ancestral gene ([@b20]). They proposed that:

1.  the ancestral gene (possibly encoding a primitive ADP/ATP transporter) gave rise to two branches, from the first of which UCP4 evolved, whereas the other four UCPs evolved from a second branch,

2.  UCP4 is the most closely related to this ancestral gene,

3.  UCP5 originated from an early division of the second branch,

4.  UCP 1, 2, and 3 appeared later in evolution, are closely related, and derived from a separate division of the second branch compared with the one which gave rise to UCP5.

This hypothesis was rebutted by [@b70] who proposed that UCPs diverged from an ancestral gene into at least three genetically distinct forms very early in the evolution ([@b70]). The three forms correspond to the clades identified by the phylogenetic analysis. Clade 1 contains vertebrate UCPs 1, 2, and 3. Clade 2 contains vertebrate UCP5 and a UCP5 homologue from *Drosophila melanogaster*. Clade 3 includes UCP4 from mammals and UCP4a and UCP4b from *D. melanogaster*. They identified and proposed that an invertebrate UCP6 is closest to the ancestral gene that also gave rise to vertebrate UCP1, 2, and 3. Both the above hypotheses may well be modified as more complete genomes are elucidated. Nevertheless, both hypotheses illustrate the distinctly different characters of UCP 4 and 5 compared with UCP1 to 3. Both the difference of UCP4 and 5 from the other UCPs, and further understanding of the process of UCP evolution was illustrated by the observation that some avian species lacked UCP1 and 2 ([@b12]). The dissimilarity of UCP4 from the other UCPs was further demonstrated by the properties of pure preparations of the five human UCPs ([@b30]). When they were reconstituted in detergents and in stable small unilamellar vesicles, all the UCPs formed dominantly helical conformations in negatively charged phospholipid vesicles, but UCP4 had a different helical profile that may be related to its less associated form. In addition, the binding of purine nucleotides to UCP4 was different to that exhibited by the other UCPs.

Expression of UCP4 and 5 in the CNS
-----------------------------------

As mentioned above, both UCP4 and 5 are expressed primarily in the brain. Although there is no detailed description of the regional distribution in the human brain, if one assumes that this follows the pattern in rodents, there are likely to be marked differences in the level of expression in different brain areas. In mouse, UCP5 is strongly expressed in amygdala, dorsomedial hypothalamic nucleus, hippocampus, paraventricular thalamic nucleus, mediodorsal thalamic nucleus, and ventromedial hypothalamus ([@b61]; [@b28]). UCP4 appears in neurons and to a lesser extent in astrocytes of murine neuronal tissue as early as days 12--14 of embryonic development ([@b68]). UCP4 mRNA was found to be expressed in inner ear ganglia ([@b36]), and neurosensory cells such as hair cells of the inner ear and mechanosensitive Merkel cells in skin express a significant amount of UCP4 ([@b69]). Our own results for UCP4 in rat brain showed that it was strongly expressed in pyramidal cells in the hippocampus ([Fig. 2a](#fig02){ref-type="fig"}) and cortex, and in a wide range of cells in substantia nigra ([Fig. 2b](#fig02){ref-type="fig"}) and striatum, and Purkinje cells in cerebellum ([Fig. 2d](#fig02){ref-type="fig"}). In the only human brain tissue we studied, UCP4 was found to be expressed in Purkinje cells ([Fig. 2c](#fig02){ref-type="fig"}), in line with the findings in rat brain. Nevertheless, significant differences in levels of expression of UCP4 and 5 in brain between rats and mice may make any cross-species assumptions (e.g., from rat or mouse to human) based solely on analogy to be misleading. UCP5 expression dominates in rat brain in contrast to 10-fold higher UCP4 expression in mouse brain ([@b1]). Thus, a detailed investigation of expression of UCP4 and 5 and their mRNA in human CNS would be timely.

![Expression of UCP4 in brain, (a) rat hippocampus; (b) rat substantia nigra; (c) human cerebellum\*; (d) rat cerebellum (solid arrowhead: brown denotes positive staining). \*Human postmortem brain sections were obtained from the Parkinson\'s Disease Society Brain Bank of UK. Research ethics on immunohistochemistry of human brain samples was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/HA HKW IRB) (IRB ref. number UW 06--108 T/1133), complying with the Declaration of Helsinki and acts in accordance to local regulations by Hong Kong Hospital Authority and the University policies.](brb30002-0468-f2){#fig02}

Protective effects of UCP4 and 5
--------------------------------

The marked differences between the amino acid sequences of UCP4 and 5 compared with those of UCP1 to 3, and the limited tissue distribution of UCP4 and 5 suggest that they may have different roles compared with UCP1 to 3. Nevertheless, whatever specialist roles these two proteins may possess, both UCP4 and 5 pass protons through the inner mitochondrial membrane to the matrix. Thus, both UCP4 and 5 perform the essential function of an uncoupler of oxidative phosphorylation. This process is accompanied by a reduction in oxidative stress, and consequentially both exert a protective influence on cells exposed to mitochondrial toxic insults ([@b85]). We have shown that SH-SY5Y cells (a human catecholaminergic neuronal cell line) that overexpress either UCP4 or UCP5 are more resistant, in terms of survival and levels of ROS, to the effects of 1-methyl-4-phenylpyridinium ion (MPP^+^, a selective dopaminergic toxin) ([@b25]), dopamine ([@b7]; [@b40]), and hydrogen peroxide than similarly treated control cells with endogenous levels of UCP expression. In addition, the protective action of UCP4 has been shown against Complex II specific toxin, 3-nitropropionic acid ([@b76]). These actions were proposed to be a consequence of a reduction in ROS levels, which is in accord with the concept of mild uncoupling being a protective mechanism. Given the relatively low levels of endogenous expression of UCP4 and 5 even in neurons where they are expressed, this uncoupling action is unlikely to generate large amounts of heat ([@b83]). However, it has been suggested, as in the case of UCP2, that whatever heat is generated by UCPs may slightly increase the speed of synaptic transmission ([@b27]). [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} summarize some functional properties of UCP4 and UCP5.

###### 

Summary of evidence demonstrating UCP4 function

  Functions of UCP4                                                                                                                                                       Citations
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------
  **Energy homeostasis**                                                                                                                                                  
  UCP4 increases mitochondrial Complex II activity in SH-SY5Y neuroblastoma cells.                                                                                        [@b26]
  UCP4 regulates mitochondrial Complex II activity via succinate import in *Caenorhabditis elegan*.                                                                       [@b54]
  UCP4 overexpression improves fatty acid oxidation and insulin sensitivity in L6 myocytes.                                                                               [@b14]
  UCP4 increases glucose uptake and shifting the mode of ATP production from mitochondrial respiration to glycolysis in PC12 cells.                                       [@b43]
  Ectopic expression of UCP4 reduces mitochondrial membrane potential in MCF-7 cells.                                                                                     [@b44]
  **Gene regulation**                                                                                                                                                     
  NF-κB p50/c-Rel signal pathway induces UCP4 expression in SH-SY5Y cells.                                                                                                [@b23]
  UCP4 expression is decreased in Parkinsonian DJ-1 knockout mice.                                                                                                        [@b19]
  UCP4 transcription is genomically regulated by T3 and cAMP.                                                                                                             [@b9]
  Methionine restriction increases UCP4 expression in Wistar rats.                                                                                                        [@b50]
  UCP4 gene transcription is induced by mitochondrial toxin, MPP^+^, in SK-N-SH cells.                                                                                    [@b24]
  Ketogenic diet increases UCP4 expression in SD rats.                                                                                                                    [@b72]
  **Neuroprotection**                                                                                                                                                     
  UCP4 preserves mitochondrial depolarization and decreases oxidative stress against MPP^+^ toxicity in SH-SY5Y cells, and potential functional compensation with UCP2.   [@b7]
  UCP4 mediates Complex II specific bioenergetics adaptation and cell survival against 3-NP toxicity via activation of ERK in PC12 cells.                                 [@b76]
  UCP4 regulates calcium homeostasis and apoptosis in PC12 cells.                                                                                                         [@b5]
  Brain UCP4 transcript was increased after acute cold exposure in FVB-N mice implicating regulation.                                                                     [@b84]
  **Relationship with disease pathologies**                                                                                                                               
  Association of a UCP4 (SLC25A27) haplotype with ultraresistant schizophrenia.                                                                                           [@b48]
  A homozygous genetic variant of mitochondrial UCP4 affects the occurrence of leukoaraiosis.                                                                             [@b74]
  A homozygous genetic variant of mitochondrial UCP4 exerts protection against the occurrence of multiple sclerosis.                                                      [@b73]
  Association of a human UCP4 SNP with schizophrenia.                                                                                                                     [@b80]

###### 

Summary of evidence demonstrating UCP5 function

  Functions of UCP5                                                                                                                                  Citations
  -------------------------------------------------------------------------------------------------------------------------------------------------- -----------
  **Energy homeostasis**                                                                                                                             
  Loss of UCP5 modifies the energy balance and increases free radicals through upregulation of UCP3.                                                 [@b64]
  Knockdown of UCP5 potentiates mitochondrial depolarization, ATP deficiency, and induces apoptosis.                                                 [@b25]
  UCP5 knockout flies are highly sensitive to starvation stress to maintain metabolic homeostasis.                                                   [@b60]
  **Gene regulation**                                                                                                                                
  UCP5 expression is decreased in Parkinsonian DJ-1 knockout mice.                                                                                   [@b19]
  UCP5 transcription may be genomically regulated by T3 and cAMP.                                                                                    [@b9]
  Hydrogen peroxide increases expression of UCP 5 in colon cancer cells.                                                                             [@b62]
  Saturated fatty acids increases but insulin suppresses UCP5 expression in bovine mammary epithelial cells.                                         [@b82]
  UCP5 gene transcription is induced by mitochondrial toxin, MPP^+^, in SK-N-SH cells.                                                               [@b24]
  Ketogenic diet increases UCP5 expression in SD rats.                                                                                               [@b72]
  Brain UCP5 transcript was increased after acute cold exposure in FVB-N mice implicating thermoregulation.                                          [@b84]
  **Neuroprotection**                                                                                                                                
  UCP5 preserves mitochondrial membrane potential, ATP levels, and reduces oxidative stress against MPP^+^ and dopamine toxicity in SH-SY5Y cells.   [@b40]
  **Relationship with disease pathologies**                                                                                                          
  Associations between genetic variants in UCP5 SNP and atherosclerotic plaque.                                                                      [@b8]
  UCP5 was significantly elevated in the ischemic lesions of stroke patient brain.                                                                   [@b49]

Some factors that affect expression
-----------------------------------

In nonneuronal tissues, fatty acids upregulate both UCP activity and expression. Saturated fatty acids have been shown to upregulate UCP5 expression in bovine mammary epithelial cells ([@b82]). Although a high-fat diet has also been shown to increase expression of UCP5 mRNA by a factor of 1.8 in mouse liver, it had no effect on the levels of UCP4 and UCP5 mRNAs in brain ([@b84]). The same authors showed that within the brain, the mRNA levels of UCP4 and 5 were modulated by environmental temperature. A low environmental temperature (4°C) induced a rise in both UCP4 and UCP5 transcripts. Whether these rises indicate a thermoregulatory role for the proteins is uncertain. The phenomena may be a nonspecific stress effect. Other factors such as ROS ([@b62]), caloric restriction ([@b43]), exposure to toxins ([@b24]), a ketogenic diet ([@b72]), and methionine-restricted diet ([@b50]) also upregulate expression of either or both the proteins, whereas insulin downregulates expression of UCP4 and 5 ([@b82]) and GDP inhibits activity of UCP4 ([@b43]). Surprisingly, in view of the effects of UCP4 on glucose metabolism, hypoxia had no effect on expression of the protein ([@b69]), although UCP5 is reported to be elevated in areas of human brain with ischemic lesions ([@b49]). Estrogen treatment of an estrogen receptor positive breast cancer cell-line (MCF-7) downregulated both UCP4 and 5 ([@b63]). In contrast, old female rats had higher UCP4 and 5 levels in mitochondria compared with similarly aged male animals, which may explain in part the lower oxidative stress in female brains ([@b16], [@b17]). Interestingly, in a human study of over 100 metastatic breast cancers, UCP4 expression was positively correlated with estrogen receptor and progesterone receptor expression (*P* \< 0.0001 for both), with lymph node metastases (*P*= 0.005), as well as positivity for p53 (*P* \< 0.0001) and Ki-67 (*P* \< 0.0001). UCP4 expression was correlated negatively with Bcl-2 expression (*P*= 0.001). Furthermore, UCP4 expression was correlated with aneuploid tumors (*P*= 0.002) ([@b15]).

Mechanisms of regulation
------------------------

We have listed above some factors that can affect transcription of UCP4 and 5 genes, but there is no detailed description of how expression of either protein is regulated. To address this issue, we carried out a brief in silico analysis of the first 3000 bases extending upstream of the transcription initiation sites in human using the MatInspector program. Although such an analysis only identifies potential *cis*-acting factors, it appears that the two genes are likely to be regulated in very different ways. [Table 3](#tbl3){ref-type="table"} lists some potential sites particularly connected with their expression in the CNS. In the 5′-flanking region of the UCP4 sites for Lim homeobox domain, BmPOU factors, and other homeobox transcription factors are abundantly evident. In contrast, cAMP response element binding protein (CREBP) is more common in the 5′-flanking region of UCP5 gene sites, although both regions contained significant numbers. In a detailed in silico investigation, [@b9] found that both UCP and UCP5 were likely to be strongly regulated by 3,5,3′-triiodothyronine and by CREBP signaling. In accord with this, activation of extracellular signal regulated kinases (ERKs) was necessary and sufficient to mediate the effects of UCP4 on glucose utilization in PC12 cells exposed to 3-nitropropionic acid, a Complex II specific inhibitor ([@b76]). Pharmacological inhibition of ERKs reduced the activation of CREBP and the authors hypothesized that CREBP signaling contributes to UCP4-dependent cell death rescue.

###### 

In silico analysis for potential transcription factor binding sites in 5′-flanking regions of human UCP4 and UCP5 genes

  Potential sites for factors      Number in UCP4   Number in UCP5   References describing some of the properties of these factors
  -------------------------------- ---------------- ---------------- ---------------------------------------------------------------
  AP1                              4                0                [@b81]
  Bicoid-like homeodomain          12               6                [@b58]
  BmPOU                            24               12               [@b45]
  CAMP-responsive protein          8                15               [@b59]
  EGR/nerve growth factor          4                10               [@b51]
  Homeobox transcription factors   22               5                [@b6]
  MYT1 C2HC zinc finger protein    11               4                [@b6]

Another site that appears to be important in the modulation of UCP4 gene transcription is a NF-κB site in the first 1000 bases adjacent to the transcription initiation site. We have shown that site-directed mutation of this site severely reduced the ability to stimulate gene transcription in response to NF-κB and thus ameliorate the response to oxidative stress caused by MPP^+^ ([@b23]). In a subsequent study, we have shown that this particular NF-κB dimer binding to this site is composed of c-Rel and p50 monomers (J. W. M. Ho, P. W. L. Ho, and S. L. Ho, unpubl. data). NF-κB dimers may be composed of any of p50, p52, p65, RelB, and c-Rel monomer. p65-containing dimers are associated with the stimulation of apoptotic cell death ([@b56]; [@b41]), whereas c-Rel-containing dimers are associated with cell survival pathways ([@b57]; [@b55]).

The complexity of interrelationship between modulation of energy supply by UCPs on intracellular functioning is beginning to be elucidated. Knockdown of UCP5 was found to affect energy balance and led to increased ROS and upregulation of UCP3, then via increased c-Jun N-terminal kinase 1 (JNK1) kinase activity and Akt dephosphorylation to modulation of FOXO localization ([@b64]). Thus, modulation of the expression of one UCP5 can affect expression of another UCPs and has further consequences for cell signaling and function.

Enigmatic UCP4
--------------

UCP5 acts like a typical UCP. Knockdown of UCP5 reduced the ability of cells to withstand the toxic actions of MPP^+^ ([@b25]), and overexpression of UCP5 resulted in reduced mitochondrial membrane potential (MMP), reduced intracellular ATP content, and reduced levels of ROS ([@b61]; [@b40]). As a consequence, all our SH-SY5Y clones that overexpress the protein replicate more slowly than the untransfected control cells. Some reports on UCP4 described similar effects of overexpression on MMP, ATP content, and ROS levels ([@b84]; [@b43]). Therefore, it was unsurprising that after overexpressing UCP4 in SH-SY5Y cells, we found MMP and intracellular ATP were increased and the rate of replication was faster than in the control cells ([@b7]). Subsequently, we found that knockdown of UCP4 expression in SH-SY5Y cells by siRNA transfection lowered MMP and increased ROS levels (unpubl. data). Contrary to the findings of [@b43] and [@b76], we found overexpression of UCP4 did not shift glucose metabolism toward glycolysis and away from oxidative phosphorylation ([@b7]). Our findings are completely at variance to what one would expect of a classical UCP and were met with disbelief by some initial reviewers. Such a divergence of findings needs an explanation. First, we would point out that UCP4 is distinctly different from the other UCPs in that it evolved at a very early stage and along a different path than the other UCPs. The difference is also evident in structural characteristics, and binding properties as mentioned earlier. Nevertheless, this would not account for the divergence of results of the different groups. There are methodological differences that may be relevant. We overexpressed the human protein in a human cell line of catecholaminergic origin, whereas other groups have used either nonhuman neuronal cells or human nonneuronal cells. Marked differences in expression UCP4 and UCP5 occur in different but quite closely related species ([@b1]). The cell-specific nature of the consequences of UCP4 overexpression was previously illustrated ([@b13], [@b14]). These authors found that overexpression of UCP4 in 3T3-adipocytes impaired insulin sensitivity ([@b13]), whereas in L6-myocytes UCP4 overexpression improved it ([@b14]). In addition, it is difficult to compare levels of overexpression of the protein in the clones of different groups of investigators. It has been suggested that our high levels of UCP4 expression may result in mitochondria being packed with misfolded protein. In view of the fact that our UCP4 overexpressing SH-SY5Y cells have faster replication rates, higher ATP content, and lower ROS levels ([@b7]), the presence of substantial quantities of a misfolded protein seems unlikely. Furthermore, knockdown of endogenous UCP4 in SH-SY5Y cells also yields unanticipated results in that MMP is significantly lower (J. W. M. Ho, P. W. L. Ho, and S. L. Ho, unpubl. data). Subsequent studies showed that overexpression of UCP4 resulted in increased Complex II activity ([@b26]). The mechanism of this stimulation is associated with protein--protein interaction between UCP4 and Complex II ([@b26]), which mirrors similar interaction reported by [@b54] in *Caenorhabditis elegans*, where they showed that UCP4 controls Complex II mediated oxidative phosphorylation through succinate transport ([@b54]). Knockdown of UCP4 reduced the contribution of Complex II to ATP synthesis by reducing succinate availability.

UCPs 4 and 5 and disease
------------------------

The ability of UCPs to modulate ROS formation has prompted searches for connections with both neurological and nonneurological disease states, for example, SNPs in the UCP5 gene are associated with atherosclerotic plaque formation ([@b8]). SNPs in and around the UCP2 and UCP4 genes were investigated in subjects with schizophrenia. A significantly increased risk (7.6-fold) of developing the disease was found in homozygous individuals possessing risk alleles at rs660339 and rs10807344, which points to the involvement of these two UCPs in the etiology of schizophrenia ([@b48]). This association between UCP2 and UCP4 with the etiology of schizophrenia is in accord with the results of an earlier study by [@b80]. The expression of UCP4 has been found to be increased in cell culture and a murine model of ALS, where neuronal death is attributed to oxidative stress. In contrast, in a Drosophila model of Huntington\'s disease, UCPs were shown protect glia rather than neurons ([@b4]).

The relevance of UCPs to Parkinson\'s disease
---------------------------------------------

Our interest in UCPs is based on Parkinson\'s disease (PD). Although much research into the etiology of PD has taken place, this has very largely focused on the role of mutant proteins in familial PD. Fourteen or more genetic loci have been identified and the pathophysiological action of mutant proteins encoded by genes in these loci are being elucidated. Nevertheless, the contribution of genetic mutation to the overall burden of PD is very small. The most optimistic estimates that are around 5--10% of all PD cases are due to such mutations. Of the remaining 90--95%, arguments have been made to show that environmental factors such as pesticide exposure are involved. This may be the case in a certain number of instances. Nonetheless, whether a combination of a genetic susceptibility and toxin exposure accounts for the majority of cases of sporadic PD remains unclear. If these two factors are not the cause, it would be logical to look at the physiology of the brain itself. The hypothesis put forward by Surmeier and colleagues uses this as a basis ([@b104], [@b20]). They have pointed out that dopaminergic neurons of the substantia nigra have a relatively rare mechanism of autonomous pacemaking. During pacemaking in these neurons, calcium entry occurs via L-type Ca^2+^ channels with a Ca~v~1.3 pore-forming subunit. They proposed that the relatively open nature of these channels allows greater calcium entry, which in turn incurs a high metabolic cost in terms of ATP to maintain tight control of intracellular calcium by the endoplasmic reticulum and the mitochondria. The high ATP requirement, which has to be met by mitochondrial synthesis, results in greater ROS production that ultimately overwhelms neuronal antioxidant defenses and leads to cell death. Whether the complete scenario envisaged by [@b86] is correct awaits further substantiation. Nonetheless, there is long-established evidence for the role of calcium in the control of mitochondrial substrate oxidation ([@b21]) and in neuronal cell death ([@b71]). This evidence has led to the possible involvement of UCPs, and UCP4 in particular. [@b5], using PC-12 cell clones which either express UCP4 or not, have shown that UCP4 is a potent influence on store-operated calcium entry and on mitochondrial sequestration of calcium ([@b5]). They proposed that prevention of calcium overload by UCP4 inhibition of store-operated calcium channels, with consequent reduction in oxidative stress, reduces the likelihood of calcium-primed cell death. Furthermore, in a DJ-1 knockout mouse model, the expression of both UCP4 and UCP5 was downregulated and DJ-1 modulated the magnitude of the response of these two UCPs to oxidative stress ([@b19]). Although the route of calcium entry in the Surmeier hypothesis (via L-type Ca^2+^ channels) and calcium entry via store-operated channels are entirely different, the hypotheses proposed in both studies center on the ability of the mitochondrion to regulate calcium levels, where superoxide actions on UCP4 and UCP5 expression play a key role ([@b77]). Given that the expression of the two proteins is likely to be normally distributed, it would be interesting to determine levels of expression of the proteins in relation to the development of PD. A further extension of this would be to determine whether xenobiotic agents are able to modulate expression either detrimentally or deliberately beneficially.

In conclusion, although neuronal UCP4 and 5 are relatively unknown and unexplored entities in PD, the properties of the two, particularly of UCP4, make them interesting potential players in the etiology of the disease and also possible targets for drug intervention therapy.
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